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GrpE, a nucleotide exchange factor
for DnaK
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Abstract The cochaperone GrpE functions as a nucleotide exchange factor to promote dissociation of adenosine 59-
diphosphate (ADP) from the nucleotide-binding cleft of DnaK. GrpE and the DnaJ cochaperone act in concert to control
the flux of unfolded polypeptides into and out of the substrate-binding domain of DnaK by regulating the nucleotide-
bound state of DnaK. DnaJ stimulates nucleotide hydrolysis, and GrpE promotes the exchange of ADP for adenosine
triphosphate (ATP) and also augments peptide release from the DnaK substrate-binding domain in an ATP-independent
manner. The eukaryotic cytosol does not contain GrpE per se because GrpE-like function is provided by the BAG1
protein, which acts as a nucleotide exchange factor for cytosolic Hsp70s. GrpE, which plays a prominent role in
mitochondria, chloroplasts, and bacterial cytoplasms, is a fascinating molecule with an unusual quaternary structure.
The long a-helices of GrpE have been hypothesized to act as a thermosensor and to be involved in the decrease in
GrpE-dependent nucleotide exchange that is observed in vitro at temperatures relevant to heat shock. This review
describes the molecular biology of GrpE and focuses on the structural and kinetic aspects of nucleotide exchange,
peptide release, and the thermosensor hypothesis.

ANCIENT HISTORY

GrpE (for GroP-like gene E) was identified in a genetic
screen for mutants that failed to propagate the bacterio-
phage l in Escherichia coli (Saito and Uchida 1977). GrpE
is constitutively required for E coli growth at all temper-
atures because it was found that grpE deletions could only
survive in certain mutant dnaK backgrounds in the pres-
ence of unidentified extragenic suppressors (Ang and
Georgopoulos 1989). GrpE expression is under the regu-
lation of the s70 and s32 promoters, such that expression
of GrpE messenger ribonucleic acid is rapidly and tran-
siently induced in response to elevated temperatures,
making it a bona fide heat shock protein (Lipinska et al
1988). The observation that adenosine triphosphate (ATP)
appeared to disrupt a complex of GrpE and DnaK sug-
gested a role for GrpE in nucleotide exchange (Zylicz et
al 1987). This hypothesis was refined into a model that
nucleotide exchange by GrpE promoted ATP turnover by
DnaK (Liberek et al 1991). There is no evidence that GrpE
possesses peptide-binding activity.
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Mge1p, THE YEAST MITOCHONDRIAL GrpE

In the early 1990s, several laboratories undertook the
search for cochaperones of the yeast Hsp70s. MGE1 was
originally cloned based on its sequence homology to
GrpE and was shown to be essential for viability in yeast
(Bolliger et al 1994; Ikeda et al 1994; Laloraya et al 1994).
Mge1p is localized in the mitochondria (Bolliger et al
1994; Laloraya et al 1994), but unlike GrpE, Mge1p is not
heat inducible (Ikeda et al 1994). Mge1p and Ssc1p (the
mitochondrial matrix Hsp70), like their counterparts
GrpE and DnaK, form a complex that is dissociable by
ATP (Bolliger et al 1994; Voos et al 1994), and therefore
it was proposed that Mge1p acts as a nucleotide exchange
factor for Ssc1p (Nakai et al 1994; Laloraya et al 1995;
Westermann et al 1995). Mge1p-dependent nucleotide re-
lease from Ssc1p was demonstrated in vitro by Miao et
al (1997).

Bacterial and eukaryotic GrpEs have relatively low se-
quence homology compared with the homology found in
other chaperone families, such as the Hsp70s. For in-
stance, there is only 34% amino acid identity between
GrpE and Mge1p (Laloraya et al 1994) and 21% identity
between GrpE and rat mitochondrial mt-GrpE#1 com-
pared with 51% amino acid identity between DnaK and
rat mt-Hsp70 (Naylor et al 1996). The eukaryotic homo-
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logs of GrpE are found in yeast as well as in mammalian
mitochondria and chloroplasts (Naylor et al 1996; Schroda
et al 2001) but have not been found in the eukaryotic
endoplasmic reticulum or cytosol. However, a functional
analog of GrpE, BAG1, acts as a nucleotide exchange fac-
tor in eukaryotic cytoplasm and accelerates the release of
adenosine 59-diphosphate (ADP) from cytosolic Hsp70s
(see accompanying review by Höhfeld).

MUTATIONAL ANALYSES OF BACTERIAL AND
ORGANELLAR GrpEs

Georgopoulus et al (1994) undertook a substantial search
for GrpE mutants that block phage l growth in E coli,
which led to the identification of several new mutants.
These mutants blocked l replication at nonpermissive
temperatures and were temperature sensitive for E coli
growth above 428C (Georgopoulus et al 1994; Wu et al
1994). Most of the mutations were in conserved regions
of GrpE although none was implicated in direct contacts
to DnaK (Harrison et al 1997). The best-characterized mu-
tation in grpE (grpE280) codes for the replacement of gly-
cine 122 with aspartic acid within the 4-helix bundle. Mu-
tations in l that allow phage growth in the grpE280 mu-
tant map to the l P gene, which functions in localizing
the E coli helicase to the l replication complex. Classical
genetic interpretation of these results was that GrpE in-
fluenced the action of the l phage replication protein P.
Published reports described the protein product of
grpE280 (GrpE-G122D) as a mutation unable to support
wild-type levels of ldv phage replication in vitro (Wu et
al 1996), and GrpE-G122D also exhibited reduced coim-
munoprecipitation efficiency with DnaK (Johnson et al
1989). However, GrpE-G122D was a capable nucleotide
exchange factor in an in vitro luciferase refolding assay
and also cocrystallized with the DnaK adenosine tri-
phosphatase (ATPase) domain (Harrison et al 1997). The
resulting macromolecular cocrystal structure provided
clear evidence that G122D was not located at the GrpE-
DnaK interface (Harrison et al 1997). Although GrpE,
DnaK, and DnaJ are now better characterized function-
ally and structurally, the basis for some genetic and bio-
chemical results observed for the grpE280 mutant and its
gene product, GrpE-G122D, remains obscure and intrigu-
ing. Perhaps, the ability to function in a luciferase assay
and interact with DnaK does not imply full activity with
respect to the DnaK molecular chaperone cycle and l
phage replication.

Hydroxylamine mutagenesis of the yeast MGE1 yield-
ed several conditional mutants (Laloraya et al 1995; Wes-
termann et al 1995). Two of these mutants are especially
interesting: the mge1–100 mutation, when mapped by se-
quence homology onto the crystal structure of GrpE,
shows an arginine to lysine change at a position, which

is important for an intramolecular contact between the b-
domain and the 4-helix bundle in GrpE. This conservative
substitution, which is at the position equivalent to GrpE
Arg 186, no longer allows growth of yeast at 378C (La-
loraya et al 1995). Another conditional lethal mutation in
mge1–3, Ala 134 to valine, was predicted by analogy of
Mge1p to GrpE-DnaK to be located at the Mge1p-Ssc1p
interface.

WHAT STATE OF DnaK IS THE PREFERRED
SUBSTRATE FOR GrpE?

Structural studies of the bovine brain Hsc70 ATPase do-
main show little conformational change between ATP-
and ADP-bound nucleotide states. However, solution
small-angle X-ray scattering studies have shown a con-
formational difference between ATP- and ADP-bound
states in the 60-kDa fragment of Hsc70, which encom-
passes the ATPase domain as well as most of the sub-
strate-binding domain (Wilbanks et al 1995; Johnson and
McKay 1999). Because release of inorganic phosphate (Pi)
is relatively fast (Dekker and Pfanner 1997), it is most
likely that the substrate for GrpE is DnaK bound to ADP
and to polypeptide substrate, without bound inorganic
phosphate. DnaJ is most likely not part of the complex,
but in the absence of a complete structure of intact DnaK
(or Hsp70) with DnaJ (or Hsp40), any overlap, or lack
thereof, of GrpE and DnaJ interacting surfaces on DnaK
cannot be determined. GrpE recognizes the ADP-bound
state of DnaK, yet binds to and stabilizes an ‘‘open’’ con-
formation of the nucleotide-binding cleft of DnaK that is
not compatible with high-affinity nucleotide binding
(Harrison et al 1997). Surface plasmon resonance studies
showed that ATP caused instantaneous dissociation of
DnaK from GrpE, with a rate too rapid to be determined
at 258C (Harrison et al 1997). GrpE stimulates the disso-
ciation of a fluorescently labeled ATP analog that is com-
monly used for DnaK kinetic studies, suggesting that
GrpE may not discriminate against DnaK·ATP vs
DnaK·ADP as a substrate (Brehmer et al 2001). Similarly,
Craig and coworkers used a single-turnover assay to
show that Mge1p stimulates dissociation of ATP from
Ssc1p (Miao et al 1997).

TERTIARY AND QUATERNARY STRUCTURE OF
GrpE AND GrpE-DnaKATPase

Before the solution of the cocrystal structure of N-termi-
nally truncated GrpE and the ATPase domain of DnaK
in 1997, there were no high-resolution structural data on
GrpE. Hydrodynamic experiments revealed that GrpE
and DnaK formed a complex with a 2:1 stoichiometry
(Schonfeld et al 1995), and it had been predicted that
GrpE possessed a coiled-coil domain (Wu et al 1994). Di-
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Fig 1. Ribbon drawings of dimeric GrpE bound to the adenosine triphosphatase (ATPase) domain of DnaK (PDB: 1DKG). GrpE monomers
are colored blue and gold, and the ATPase domain is colored red. In the cocrystal structure, the connecting loops at the top of the 4-helix
bundle were too disordered to be modeled. The unstructured N-terminal 33 amino acids of GrpE are drawn as a random coil. These residues
have been implicated in interactions with the DnaK substrate-binding domain and were removed by proteolysis before crystallization. GrpE
amino acids 34–39 were either unstructured (blue monomer) or too disordered to be modeled (gold monomer) in the cocrystal structure. The
bottom of the long a-helices corresponds to residue 40 of GrpE. It can be seen that the compact b-sheet domain on the GrpE monomer
proximal to DnaK sits at the top of the DnaK nucleotide-binding cleft, wedging it open. The figure on right is rotated by ;708 about the vertical
axis with respect to the figure on the left. These figures are rendered with ‘‘fog’’ to provide depth cueing. This figure was made with Molscript
(Kraulis et al 1991), converted to a POVRAY-style format (D. Jeruzlami, unpublished software), and rendered with POVRAY (www.povray.
org).

meric GrpE has a striking and asymmetric appearance
(see Fig 1). A monomer of GrpE consists of an unstruc-
tured region not present in the crystal structure (Mehl et
al 2001; Gelinas et al 2002), a long a-helix followed by a
short a-helix, and then a compact b-sheet domain at the
C terminus. In the dimer, the 2 long a-helices appear to
be almost directly parallel and do not bury side chains
in the same fashion as coiled-coils (neither ‘‘knobs into
holes’’ nor ‘‘ridges into grooves’’). The packing of the side
chains is slightly staggered as a result of 2 direct repeats
of a heptad-hendecad (7-11-7-11) spacing of buried hy-
drophobic residues, which practically abolishes super-he-
lical twist (Lupas 1996; Offer et al 2002). The long and
short a-helices form a 4-helix bundle from which the
compact b-sheet domains protrude like the arms of a cac-
tus. In the cocrystal, GrpE is an asymmetric dimer that
is bent toward the DnaK ATPase domain as a result of
the break in the long a-helix in the GrpE monomer prox-
imal to DnaK. The nucleotide-binding cleft of the DnaK
ATPase domain is in an open conformation because bind-

ing of GrpE positions a b-sheet domain at the mouth of
the nucleotide-binding cleft. This change from the closed,
nucleotide-bound conformation occurs by a simple rigid
body motion of a single domain of DnaK (domain IIB),
which moves outward by 148. Domain IIB contributes 3
side chains to binding of the adenine and ribose rings of
the nucleotide, and these contacts are disrupted by the
GrpE-induced conformational change, resulting in nucle-
otide dissociation. The magnitude of the GrpE-induced
acceleration of nucleotide release is similar to that of other
nucleotide exchange factors, but there is 1 clear mecha-
nistic difference. Classical small guanosine triphospha-
tase (GTPase)–associated guanine nucleotide exchange
factors (GEFs) enhance nucleotide dissociation by directly
disrupting the ionic interactions used by the GTPase to
stabilize the phosphates of the nucleotide (Renault et al
2001). GrpE, however, does not directly contact the nu-
cleotide-binding pocket of DnaK; the closest approach
that any GrpE side chain makes to the nucleotide-binding
pocket of DnaK is about 15Å.
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KINETICS OF NUCLEOTIDE EXCHANGE

GrpE function is analogous to that of other well-known
nucleotide exchange factors, such as the elongation factor
EFTs and RCC1, which are GEFs for the small GTPases
EFTu and Ran, respectively, with many similarities with
respect to their kinetics. For EFTs and RCC1, as well as
for GrpE, transient ternary complexes of exchange factor-
nucleotide hydrolase-nucleotide diphosphate can be de-
tected (Klebe et al 1995; Neuhofen et al 1996; Packschies
et al 1997; Gromadski et al 2002). Thermodynamic bal-
ance requires that the nucleotide exchange factors and the
nucleotide mutually reduce affinity for the nucleotide hy-
drolase, and this has been experimentally confirmed:
GrpE reduces the affinity of DnaK for ADP by 200-fold,
and ADP reduces the affinity of GrpE for DnaK by 200-
fold (Packschies et al 1997). One hallmark of the transient
kinetic studies of GrpE-DnaK-ADP associations is the hy-
perbolic appearance of the plot of the observed dissoci-
ation rate constant of a fluorescently labeled ADP analog
vs concentration of GrpE. This implies an associative dis-
placement mechanism in which the initial collision com-
plex between GrpE and DnaK·ADP subsequently under-
goes an isomerization that results in nucleotide release,
accelerating the rate of ADP release from DnaK 5000-fold
(Packschies et al 1997). An associative displacement
mechanism has also been seen in the actomyosin system
(Bagshaw et al 1974) and in the Rho-GDS system (Hutch-
inson and Eccleston 2000). In a quirk of biology, actin (a
structural homolog of the DnaK ATPase domain) itself
acts as a nucleotide exchange factor for myosin.

GrpE-DnaK INTERACTIONS

GrpE and DnaK form a high-affinity complex that is re-
sistant to high salt but readily disrupted by ATP (Zylicz
et al 1987). Two dissociation constants that are in reason-
ably good agreement have been reported for the GrpE-
DnaK complex: a Kd of 30 nM determined by surface
plasmon resonance (Harrison et al 1997) and a Kd of 1
nM determined by transient kinetics (Packschies et al
1997). The crystal structure of GrpE-DnaK revealed an
extended protein-protein interface that buries over 2800
Å2 of surface area (Harrison et al 1997), a substantial in-
teraction interface that is consistent with the observed
high-affinity interactions of GrpE and DnaK (Janin 1995;
Lo Conte et al 1999). The bulk of the GrpE-DnaK contacts
is made by the proximal GrpE b-domain, which is
wedged between both sides of the nucleotide-binding
cleft. Additional areas of GrpE-DnaK contact are from the
proximal half of the 4-helix bundle of GrpE to domain
IIB of DnaK (the so-called GrpE signature motif area of
DnaK; see below) and from the top half of the proximal
long a-helix to several exposed loops of DnaK. The latter

region includes the DnaK Glu 28 loop, which has been
shown to be necessary for GrpE binding (Buchberger et
al 1994). As stated earlier, none of the known tempera-
ture-sensitive mutations of GrpE is implicated directly in
GrpE-DnaK binding at the intermolecular interface ob-
served in the cocrystal, and only 1 of the temperature-
sensitive mutations of the yeast mitochondrial Mge1p
(mge1–3: Ala 134 to valine) is appropriately positioned to
make functionally significant contacts to Ssc1p, based on
sequence homology.

A GrpE signature motif of DnaK has been identified
by structural comparison of 12 Hsp70 homologs (using
both existing crystal structures of DnaK and Hsc70
ATPase domains and homology models). The extended
loop of DnaK at the top of domain IIB appears to be a
hallmark of DnaK-like molecules that are capable of bind-
ing GrpE (Brehmer et al 2001). This extended loop of
DnaK immediately follows several amino acids in a b-
strand that make potentially significant intermolecular
contacts (Asn 282, Pro 284, and Tyr 285 of DnaK) to side
chains of GrpE located on the proximal half of the 4-helix
bundle (Arg 104, Glu 107, and Val 108). GrpE will neither
bind to nor stimulate nucleotide dissociation from the cy-
tosolic Hsp70s, nor from HscA, the bacterial Hsp70-like
molecule found in E coli, which lacks this loop (Brehmer
et al 2001).

THE BACTERIAL MOLECULAR THERMOSENSOR

Up to a point, the rates of reactions generally increase
with increasing temperature. Reactions for which the rate
increases more slowly than expected or even decreases as
the temperature increases when plotted as the log of the
observed rate constant vs the inverse of temperature are
said to be ‘‘non-Arrhenius.’’ Such observations imply that
1 of the components in the reaction is undergoing either
a gradual or a sharp temperature-dependent conforma-
tional change, which compromises its activity (Gutfreund
1998). Christen and coworkers (2001) discovered that E
coli GrpE exhibited non-Arrhenius behavior in that it was
less active as a nucleotide exchange factor at higher tem-
peratures than would be predicted from an Arrhenius
plot. It is important to note that this study assayed DnaK
activity, with GrpE added as a cofactor, rather than di-
rectly assaying GrpE-DnaK binding. The assays used (1)
intrinsic fluorescence of DnaK Trp 102, which is sensitive
to nucleotide state but not to GrpE binding, (2) release of
a fluorescently labeled nucleotide analog, and (3) release
of a fluorescently labeled peptide from the DnaK sub-
strate-binding domain. Decreases in the rates of these 3
assays, which would reflect a decrease in the rate of ATP
hydrolysis or ADP dissociation (or both), were observed
only in the presence of GrpE, and not in the presence of
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DnaJ, and were fully reversible as the temperature was
decreased (Grimshaw et al 2001).

Thermodynamic analyses of E coli GrpE temperature-
induced protein unfolding revealed that GrpE has 2 ther-
mal transitions. One of these transitions initiates unfold-
ing around 358C and has a midpoint (Tm) of ;508C, a
temperature range that is relevant to both heat shock and
the observed non-Arrhenius behavior of GrpE (Grim-
shaw et al 2001). Subsequently, that thermal transition
was assigned to the long a-helices of GrpE. These a-he-
lices undergo a helix-to-coil transition and do not exhibit
any concentration dependence to the midpoint of the un-
folding transition, which indicates that dimeric GrpE is
not dissociating into unfolded monomers during this he-
lix-to-coil transition. The temperature-induced unfolding
of the 4-helix bundle was assigned to the second thermal
transition observed in the DSC scan, which has a mid-
point of ;758C (Gelinas et al 2002). The melting of the
b-domains has also been assigned to this transition (Gel-
inas et al, personal communication).

These results raise 3 interesting questions. Why is the
rate of GrpE catalysis of nucleotide exchange downreg-
ulated by temperature? What keeps the unfolded long a-
helices of GrpE from becoming a substrate for DnaK at
elevated temperatures? Why is GrpE activity apparently
controlled by unfolding and inactivation at high temper-
atures, rather than by transcriptional repression? Al-
though there are no immediate answers to the first 2
questions, the answer to the last question may be that heat
shock–induced transcriptional overexpression of DnaK at
higher temperatures is deleterious in the absence of com-
pensating amounts of GrpE.

THERMOSENSORS

Reinstein and coworkers (2001) reported that Thermus
thermophilus GrpE also exhibited non-Arrhenius behavior
at temperatures that are relevant to the upper tempera-
ture range of T thermophilus growth. Their thermodynam-
ic studies of the temperature-induced protein unfolding
of T thermophilus GrpE and various constructs thereof led
them to conclude that the b-domains of T thermophilus
GrpE were unfolding at the relevant temperatures (Tm

;908C) (Groemping and Reinstein 2001; Groemping et al
2001), an observation that is distinct from the results seen
with E coli GrpE (Gelinas et al 2002). One possible expla-
nation for the difference between the thermodynamic
properties of E coli GrpE and T thermophilus GrpE stems
from the different thermodynamic pressures exerted on
thermophiles compared with mesophiles. In addition, the
different oligomeric organization of the T thermophilus
DnaK molecular chaperone cycle may require T thermo-
philus GrpE to have modified functionalities (Schlee and
Reinstein 2002).

The yeast mitochondrial GrpE, Mge1p, is required for
growth in S cerevisiae. Mge1p is not a heat shock protein
even though its cognate binding partner, Ssc1p (the mi-
tochondrial Hsp70 mtHsp70), is upregulated by heat
shock. An immediate, but as of yet unanswered, question
is whether mitochondrial and chloroplastic GrpEs also
possess a putative ‘‘thermosensing’’ activity that influ-
ences the cognate Hsp70s.

AUGMENTATION OF PEPTIDE RELEASE BY GrpE

Biochemical evidence hinted at a larger role for GrpE as
a cochaperone that promotes substrate release from the
DnaK substrate-binding domain (Langer et al 1992; Sza-
bo et al 1994; Jordan and McMacken 1995). A GrpE frag-
ment (34–197) lacking the proteolytically susceptible N
terminus was found to be active in a luciferase refolding
assay but did not promote the release of a tightly bound
substrate (reduced carboxymethylated a-lactalbumin)
from DnaK in an ATP-dependent manner. This suggests
that GrpE plays a role in the release of tightly bound
substrates, but that this activity is dispensable for some
substrates that might be more weakly bound (Harrison et
al 1997). Mally and Witt (2001) reported that GrpE ac-
celerates the release of a fluorescently labeled peptide
from the DnaK substrate-binding domain in an ATP-de-
pendent manner. For the 2 peptides used in the study, the
researchers concluded that GrpE contributed more to the
rates of peptide release from the DnaK substrate-binding
domain than did the addition of ATP to the reactions and
noted that GrpE did not promote substrate release from
the isolated DnaK substrate-binding domain. It was also
observed that GrpE 89–197, a fragment that lacks the un-
structured N terminus and the long a-helices, could pro-
mote nucleotide dissociation but not substrate dissocia-
tion (Mehl et al 2001).

CONCLUSIONS

GrpE-DnaK interactions provide an unusual and fasci-
nating example of biological regulation. GrpE is a struc-
turally unique nucleotide exchange factor that is func-
tionally distinct from other known GEFs because it has a
secondary function of augmenting peptide release from
the DnaK substrate-binding domain. Interestingly, the ac-
tivity of GrpE is hypothesized to be thermally regulated
during heat shock. Future experiments are required to
characterize the relationship between the temperature-de-
pendent structural changes within GrpE and its temper-
ature-dependent regulation of DnaK. A true understand-
ing of this behavior will also require a high-resolution
structure of DnaK interacting with the N terminus of
GrpE.
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